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Determination of microtubule polarity by cryo-electron
microscopy
Denis Chrétien1*, John M Kenney1†, Stephen D Fuller1 and Richard H Wade2
Background: Microtubules are tubular polymers of tubulin dimers, which are
arranged head-to-tail in protofilaments that run lengthwise along the microtubules,
giving them an overall structural polarity. Many of the functions of microtubules
depend on this polarity, including directed intracellular transport and chromosome
segregation during mitosis. The determination of microtubule polarity for
lengthwise views of microtubules observed by electron microscopy has not
previously been possible. Here, we present methods for directly determining the
polarity of individual microtubules imaged by cryo-electron microscopy.
Results: When observed in vitreous ice by cryo-electron microscopy,
microtubules with skewed protofilaments show arrowhead moiré patterns. We
have used centrosome nucleated microtubules to relate the directionality of the
moiré patterns to microtubule polarity. We show that the arrowheads point
towards the plus end of microtubules with protofilaments having a right-handed
skew, and towards the minus end of microtubules with protofilaments having a left-
handed skew. We describe two methods for determining the handedness of the
protofilament skew. The first method uses two or more tilted views. The second
method involves analysis of the diffraction patterns of the microtubule images.
Conclusions: It is now possible to determine directly the polarity of in vitro
assembled microtubules from cryo-electron micrographs. This will be helpful in a
number of types of studies, including studies of the three-dimensional structure
of microtubules interacting with motor proteins, as knowledge of the polarity of
the microtubule is essential to understand motor directionality.
Introduction
Microtubules are polymers of the tubulin molecule (het-
erodimer a, b; Mr∼110000) that play important functions
in cells and interact with a myriad of proteins collectively
called microtubule associated proteins (MAPs) [1]. Micro-
tubules are polarized structures. Their minus end is usually
anchored at the centrosome whereas their plus end is free
in the cytoplasm or interacts with other organelles. This
polarity is of fundamental importance for the function of
microtubules. A special class of MAPs, called microtubule
motors, can move organelles along microtubules and are
involved in various aspects of cell activity, such as vesicle
migration, chromosome movement during mitosis, and
motility of ciliated and flagellated cells. Motors of the
dynein family move towards the minus end whereas
motors of the kinesin family can move either towards the
plus or the minus ends [2,3]. Recently, several papers have
appeared describing the interaction of kinesin family motor
protein heads with microtubules at the structural level
[4–6], but the polarity of the published structures remains
controversial [7,8].
The functional polarity of microtubules reflects their struc-
tural polarity. Tubulin dimers are arranged head-to-tail to
form protofilaments (pfs). A variable number of these pfs
(10–17 in vitro) are juxtaposed to form the microtubule
wall. Although 14 pf microtubules are usually the dominant
type assembled in vitro, in vivo in most cell types 13 pf
microtubules dominate [9]. Each pf is shifted slightly
lengthwise by about 0.9nm with respect to its neighbour so
that tubulin monomers describe helices around the micro-
tubule wall. In a 13 pf microtubule, the arrangement of the
closest neighbour monomers in the surface lattice can be
viewed as three identical left-handed helices of 12nm
pitch. These are the three-start helices originally described
by Amos and Klug [10] (microtubules with N pfs and S
helix-start number will be denoted N_S in this paper). The
pf-to-pf shift in these 13_3 microtubules is such that the
pfs are parallel to the microtubule axis. For other pf
numbers, the pfs must be skewed in order to maintain the
same lateral contacts between pfs as in the 13_3 micro-
tubule structure [11–13]. If one pf is removed from the
basic 13_3 microtubule structure (generating a 12_3 struc-
ture), the pf skew angle is negative and the pfs describe
right-handed helices. Conversely, if one pf is added (gen-
erating a 14_3 microtubule), the pf skew angle is positive
and the pfs form left handed helices. Microtubules with
skewed pfs, observed in vitreous ice, show moiré patterns
due to the superposition of their skewed pfs from the front
and back in projection [14,15]. The absolut e value of the
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pf skew angle can be determined directly from the period
of the moiré pattern. In combination with the microtubule
diameter, the moiré pattern gives a direct measure of the pf
number [11–13]. Mandelkow et al. [15] first noted that the
moiré pattern shows directionality. They suggested that
this directionality must reflect the structural polarity of
microtubules and that the arrows formed by the arrowhead
moiré pattern must point either towards the plus or the
minus end of microtubules.
In this paper, we show that the direction of the arrowhead
moiré pattern depends on both microtubule polarity and
pf handedness. The arrowheads point towards the plus
end of microtubules with right-handed pfs (e.g. 12_3), and
towards the minus end of microtubules with left-handed
pfs (e.g. 14_3). We describe two methods for determining
pf handedness and polarity; both methods are applicable
to self-assembled microtubules observed in vitreous ice by
cryo-electron microscopy (cryo-EM).
Results
Relationship between the arrowhead moiré pattern and
microtubule polarity
Microtubule polarity can be unambiguously determined
using centrosome nucleated microtubules because the
minus end is anchored at the centrosome while the plus
end is away from it. Figure 1 shows the extremity of a
microtubule aster nucleated on an isolated centrosome after
five minutes of assembly at 37°C, and observed by cryo-
EM. The microtubules presented in Figure 1 are oriented
with their plus ends towards the top of the figure. The ends
of the microtubules show the characteristic outwardly
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Figure 1
Extremity of a microtubule aster nucleated by
an isolated centrosome and observed by cryo-
EM. The plus ends are oriented towards the
top of the figure. Microtubule segments
labelled (a) to (i) are shown at higher
magnification in Figure 2. The tubulin
concentration was 13 µM and the sample was
incubated for 5 min at 37° C before
vitrification.
curved sheets of different lengths as reported previously
[16]. In Figure 2 the microtubule segments labelled (a) to
(i) are presented with the same orientation as in Figure 1 at
higher magnification, together with their associated filtered
images. Cryo-EM images of microtubules with 13 pfs (Fig.
2a) show characteristic patterns of either fuzzy regions or of
two internal dark fringes slightly offset from the micro-
tubule centre and running parallel to the longitudinal axis
over long distances. These represent the vast majority of
the microtubules nucleated by centrosomes (88 % of the
microtubules presented in Fig. 1). A small proportion of the
microtubules show alternating sequences of fringes and
fuzzy regions, characteristic of microtubules with pf
numbers different than 13 (Figs 1,2b–i). Figures 2b–e show
12 pf microtubules; the arrowhead pattern formed by the
dark fringes is clearly visible on the filtered images and
points systematically towards the plus end. Figures 2f–i
show 14 pf microtubules. In contrast with the 12 pf micro-
tubules, we find that the arrowhead pattern of 14 pf micro-
tubules points systematically towards the minus end.
The 12 and 14pf microtubule types differ not only in
terms of pf number, but should also have opposite pf hand-
edness [11–13]. The absolute value of the pf skew of these
microtubules can be directly determined from the repeat
period of their moiré patterns using equation (5), see
Materials and methods. The average moiré period of the
12 pf microtubules was found to be ~310 nm which gives a
pf skew angle of ~0.95°; the average moiré period of the 14
pf microtubules was found to be ~550 nm which gives a pf
skew angle of ~0.54°. Comparison of these absolute values
with the values predicted by the lattice accommodation
model using equation (6) (see Materials and methods and
Table 1) suggests that these microtubules have three-start
monomer helices, and hence that the 12 pf microtubules
have right-handed pfs (skew angle θ<0), and that the 14 pf
microtubules have left-handed pfs (skew angle θ>0). This
suggests that the arrowhead moiré pattern points towards
the plus end of microtubules with right-handed pfs, and
towards the minus end of microtubules with left-handed
pfs. Two methods for unambiguously determining the pf
handedness of microtubules observed in vitreous ice are
presented below. This defines the relationship between
microtubule polarity, pf handedness and the directionality
of the arrowhead moiré patterns.
Determination of protofilament handedness from tilted
views
Figure 3 shows the principle of the method. Figure 3a
shows the case of a microtubule with left-handed pfs. If 
a left-handed rotation (∆) is applied to the microtubule,
the point where the pfs are superimposed in projection
will move opposite to the direction of the tilt axis (nega-
tive shift, s<0). For right-handed pfs (Fig. 3b), this cross-
over point will move in the same direction as the tilt axis
(positive shift, s>0). For cryo-EM images of vitrified
microtubules, this will result in a shift s of the dark fringe
pattern either opposite to the direction, or in the direction,
of the tilt axis depending on pf handedness. The magni-
tude of the shift s will depend on the value of the tilt
angle ∆, on the moiré repeat period L (which is directly
related to the pf skew angle θ, see equation 5 in Materials
and methods), on the pf number N, and on the angle
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Figure 2
Higher magnification images of the microtubule segments labelled (a)
to (i) in Figure 1 with their associated filtered images. The plus ends
are towards the top of the figure. In these images, protein is dark with
respect to the background because the protein density is slightly
higher than that of vitreous ice. The images show the different types
of microtubule observed in Figure 1: (a) 13 pf microtubule;
(b)–(e) 12 pf microtubules; (f)–(i) 14 pf microtubules. The direction
of the dark arrowhead patterns is more clearly seen by looking at a
shallow angle along the microtubule axis. The arrowhead patterns
point towards the plus end (top of the figure) for the 12 pf
microtubules, and towards the minus end (bottom of the figure) for
the 14 pf microtubules.
between the microtubule longitudinal axis and the tilt axis
f, see equation (4) in Materials and methods.
Figures 4a–c show three tilted views of the microtubules (g)
and (d) shown in Figures 1 and 2. The microtubule delim-
ited by dark dots on the left has 14 pfs, and the microtubule
delimited by dark dots on the right has 12 pfs. Figure 4a is
the 0° view, Figure 4b is a 3° tilted view and Figure 4c is a
6° tilted view; the tilt direction is indicated at the top right
of Figure 4c. Figures 4d and e  show the filtered images of
the 14 and 12 pf microtubules in the tilted series, respec-
tively. The fringe pattern shift between the three images in
Figures 4a–c can be appreciated by comparing the positions
of the dark dots, which indicate the moiré repeat period of
the microtubules, and is more clearly visualized on the fil-
tered images. For the 14 pf microtubule the fringe pattern
is shifted in the opposite direction to the tilt axis by
~–104nm, between the 0° and 6° views. For the 12 pf
microtubule the fringe pattern is shifted in the direction of
the tilt axis by ~+49nm between the 0° and 6° views.
These experimental values are in good agreement with the
theoretical values derived from equation (4), see Materials
and methods, based on the moiré repeat period L, and on
the angle between the microtubule and the tilt axis, see
Table 2. The tilting experiments clearly show that the 14 pf
microtubule has left-handed pfs, while the 12 pf micro-
tubule has right-handed pfs. The exact value of the pf skew
angle for these two microtubules can be deduced from their
moiré repeat period and their pf handedness (Table 3). We
found a pf skew angle of –0.98° for the 12 pf microtubule
and +0.54° for the 14 pf microtubule. These experimental
values are close to the values predicted by the lattice
accommodation model for 12 and 14 pf microtubules with
three-start monomer helices (see Table 1). The pf handed-
ness of the other microtubules with 12 and 14 pfs (in Figs
1,2) was also determined using this method. All the 12 pf
microtubules present in this image had right-handed pfs,
and all the 14 pf microtubules had left-handed pfs. This
analysis establishes the relationship between the direction
of the arrowhead moiré pattern and microtubule polarity.
The arrowhead moiré pattern points towards the plus end
for microtubules with right-handed pfs, and towards the
minus end for microtubules with left-handed pfs. This
feature was observed, without exception, for many other
microtubule types with left- or right-handed pfs.
Figure 5 shows examples of microtubules with the same pf
number (15 pfs) taken from two different images of self-
assembled microtubules. Although their fringe patterns are
similar and their periods are close to each other, they
behave differently in the tilted images. The fringe pattern
of the 15 pf microtubule shown in Figure 5a moves in the
opposite direction to the tilt axis (s<0), while for the micro-
tubule in Figure 5c it moves in the same direction as the 
tilt axis (s>0); filtered images of these microtubules are
presented in Figures 5b,d. The values of the experimental
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Table 1
Theoretical protofilament skew angles.
Helix-start Protofilament number
number 12 13 14 15
2 +2.85 +3.42 +3.91 +4.33
3 –0.86 0.00 +0.73 +1.37
4 –4.55 –3.42 –2.44 –1.60
Theoretical values of the pf skew angles θ were calculated using
equation (6) (see Materials and methods) for different pf and monomer
helix-start numbers. The sign of the skew angle determines the pf
handedness. Negative skew angles generate right-handed pf helices
and positive skew angles generate left-handed pf helices.
Figure 3
The principle of the determination of pf handedness from tilted views.
(a) Microtubule with left-handed pfs (θ > 0). (b) Microtubule with right-
handed pfs (θ < 0). For each microtubule one pf is shown from the front
(in red) and one from the back (in blue). For a left-handed rotation ∆ of
the microtubule with left-handed pfs (a), the pf regions located below
the cross-over point between the two pfs will move closer to each other
in projection (small red and blue arrows), and the cross-over point will
move opposite to the direction of the tilt axis (large arrow, shift s< 0).
For the microtubule with right-handed pfs (b), the pf regions located
below the cross-over point will move away from each other in
projection, and the cross-over point will move in the same direction as
the tilt axis (shift s> 0). The direction and the amplitude of the shift s
can be predicted using equation (4) (see Materials and methods).
fringe-pattern shifts are given in Table 2 for comparison
with the theoretical values. This analysis shows that these
two 15 pf microtubules have opposite pf handedness. The
pf skew angle was measured to be +1.35° for the micro-
tubule in Figure 5a, and –1.74° for the microtubule in
Figure 5c (Table 3). Comparison with the theoretical values
given in Table 1 indicates that the microtubule in Figure 5a
should have three-start monomer helices and the one in
Figure 5c should have four-start monomer helices. The
directionality of the fringe patterns of the microtubules in
Figure 5 can be appreciated by looking at a shallow angle
along the microtubule images, or by looking at their filtered
images. The arrowhead moiré patterns point downwards for
these two microtubules. According to the rules derived
from the previous analysis, the 15_3 microtubule in Figure
5a has its plus end oriented towards the top of the page,
whereas the 15 pf microtubule in Figure 5c has its plus end
oriented towards the bottom of the page. It is important to
note that, although these two 15 pf microtubules both have
their arrowhead moiré patterns pointing in the same direc-
tion (downwards), they are oriented with opposite polarity.
This clearly shows that the determination of microtubule
polarity cannot be based solely on the pf number and the
direction of the arrowhead moiré pattern; the pf handed-
ness must also be known unambiguously.
Determination of protofilament handedness from
diffraction patterns
The previous section described a method that allows the
determination of microtubule pf handedness and polarity
from a pair of tilted views. This method is easily applica-
ble to almost all the microtubules with skewed pfs present
in a micrograph, except for those which are oriented nearly
perpendicular to the tilt axis. In this section we describe a
method that does not require tilted views and is applicable
to all microtubules with skewed pfs, provided that the
4nm spacing of the tubulin monomers along the pfs is
resolved in the microtubule images.
Figure 6 shows the principle of the method. At moderate
resolution (~3nm), the diffraction pattern of microtubule
images is essentially characterized by four Bessel functions
of different orders: J0 on the equator; JN on the equator 
if the N pfs are parallel to the longitudinal axis of the
microtubule, or slightly offset from it if the pfs are skewed;
JS at about ¼nm whose first maximum is close to the
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Figure 4
Determination of pf handedness from tilted
views. (a) 0°, (b) 3° and (c) 6° views of the
microtubules from (g) and (d) of Figures 1 and
2. The tilt axis direction is indicated at the top
of (c). The microtubule delimited by dark dots
on the left has 14 pfs, and the microtubule on
the right has 12 pfs. The dark dots indicate
their moiré pattern periods. The angle f
between the tilt and the microtubule axes was
~48° for the 14 pf microtubule, and ~41° for
the 12 pf microtubule. (d) Filtered images of
the tilted views of the 14 pf microtubule. (e)
Filtered images of the tilted views of the 12 pf
microtubule. The fringe pattern moves
towards the top of the page for the 14 pf
microtubule, indicating that it has left-handed
pfs, and towards the bottom of the page for
the 12 pf microtubule, indicating that it has
right-handed pfs.
meridian (S being the monomer helix-start number); and
JN–S also close to ¼nm but whose first maximum is further
from the meridian. If the pfs are parallel to the micro-
tubule axis, JS and JN–S will be on the same layer line (Fig.
6a), whereas if the pfs are skewed, they will form two dis-
tinct layer lines (Figs 6b,c). When the pfs form right-
handed helices JS will be closer to the equator than JN–S
(Fig. 6b); when they form left-handed helices (Fig. 6c) JS
will be further from the equator than JN–S.
Figures 7a–e show the power spectra computed from the
microtubule images of Figures 4 and 5. Figure 7a is a power
spectrum from a 13 pf microtubule taken from the image in
Figure 4. J0 and J13 overlap on the equator, and J3 and J10
overlap on the same layer line at ¼nm. Figures 7b–e show
the power spectra of the 12 pf microtubule from Figure 4
(Fig. 7b), the 14 pf microtubule from Figure 4 (Fig. 7c), the
15 pf microtubule from Figure 5a (Fig. 7d), and the 15 pf
microtubule from Figure 5c (Fig. 7e). For the 12 pf micro-
tubule and the 15 pf microtubule from Figure 5c, JS is
closer to the equator than JN– S. This indicates that these
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Table 3
Determination of the pf skew angle and of the monomer helix-
start number.
Microtubule 12 pfs 14 pfs 15 pfs 15 pfs
(Fig. 4) (Fig. 4) (Fig. 5a) (Fig. 5c)
L (nm) 302 547 219 170
θ (°) –0.98 +0.54 +1.35 –1.74
S 3 3 3 4
The moiré period L was measured on the digitized images. The absolute
value of the pf skew angle θ is given by equation (5) (see Materials and
methods) and its sign was determined by the two methods presented in
this study. The monomer helix-start number S was assigned after
comparison of the experimental pf skew angles and the theoretical
values presented in Table 1.
Table 2
Comparison between theoretical and experimental shifts in the
fringe pattern of the microtubule images.
Microtubule 12 pfs 14 pfs 15 pfs 15 pfs
(Fig. 4) (Fig. 4) (Fig. 5a) (Fig. 5c)
L (nm) 302 547 219 170
∆g (°) +6 +6 +5 +6
φ (°) 41 48 7 43
sthe (nm) ±46 ±86 ±45 ±35
sexp (nm) +49 –104 –50 +31
The moiré period L, and the shift of the fringe pattern, sexp, between
the first and the last images of the tilted series, were measured on the
digitized images. The theoretical shift, sthe, was calculated according
to equation (4) (see Materials and methods) using the experimental
moiré period L, the pf number of the microtubule N, the goniometer tilt
angle ∆g, and the angle φ between the tilt and the microtubule axis.
The ± signs of sthe indicates that the direction of the shift cannot be
predicted in advance from the moiré repeat period L.
Figure 5
Determination of pf handedness and polarity of self-assembled
microtubules. (a) 0° (left) and 5° (right) views of a 15 pf microtubule.
The tubulin concentration was 44 µM and the sample was incubated
for 5 min at 37° C. (b) Filtered images of the tilted views in (a). The
angle f between the tilt axis and the microtubule was ~7°, arrows at
the top of (b) show the tilt axis direction. The arrowhead fringe
pattern moves opposite to the direction of the tilt axis and points
towards the bottom of the figure. This indicates that this 
microtubule is oriented with its plus end towards the top of the
figure. (c) 0° (left), 3° (middle), and 6° (right) views of a 15 pf
microtubule. The tubulin concentration was 44 µM and the sample
was incubated for 10 min at 37° C before vitrification. (d) Filtered
images of the tilted views in (c). The angle f between the tilt axis and
the microtubule was ~43°, arrows at the top of (d) show the tilt axis
direction. The arrowhead fringe pattern moves in the same direction
as the tilt axis and points towards the bottom of the figure. This
indicates that this microtubule is oriented with its plus end towards
the bottom of the figure.
two microtubules have right-handed pfs. Conversely, for
the 14 pf microtubule and the 15 pf microtubule from
Figure 5a, JS is further from the equator than JN–S, indicat-
ing that these two microtubules have left-handed pfs.
Table 4 gives the positions in transform units and its equiv-
alent in resolution along the meridian of the JN, JS and JN–S
peaks for these microtubules. This method can be used
independently of the first method described to determine
the relationship between the direction of the arrowhead
moiré pattern and microtubule polarity.
Discussion
Microtubule polarity is usually determined by the hook-
decoration method [17]. This method is invaluable for use
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Figure 6
The principle of the determination of pf handedness by the analysis of
the diffraction pattern of microtubule images; only the top half of the
diffraction pattern is shown. At medium resolution (~3 nm), the
diffraction pattern of microtubule images is essentially characterized by
four Bessel functions (Jn) of different orders n: J0, JN, JS and JN–S, N
and S being the pf and the monomer helix-start numbers, respectively.
The first maxima of the Bessel functions Jn are represented by ovals.
Black represents the central spot, red corresponds to helices arising
from the top surface of the microtubule, blue to the bottom surface,
and green corresponds to helices from the top and bottom surfaces
whose first maxima overlap. (a) For a microtubule with pfs parallel to its
longitudinal axis (e.g. 13_3), J0 and JN will be on the equator and JS
and JN–S will be on the same layer line. (b) If the pfs form right-handed
helices (e.g. 12_3), JS will be shifted towards the equator whereas JN–S
will be shifted away from the equator (as shown by the arrows). (c) If
the pfs form left-handed helices (e.g. 14_3), JS will be shifted away
from the equator whereas JN–S will be shifted towards the equator.
Figure 7
Determination of pf handedness from the diffraction pattern of
microtubule images. The figure shows the top half of the computed
power spectra of the microtubules shown in Figures 4 and 5.
(a) Power spectrum of a 13 pf microtubule taken from the image in
Figure 4. J0 and J13 overlap on the equator (eq.), and J3 and J10 overlap
on the same layer line at ¼ nm. (b) Power spectrum of the 12 pf
microtubule of Figure 4; J3 is closer to the equator than J9. (c) Power
spectrum of the 14 pf microtubule of Figure 4; J3 is further off the
equator than J11. (d) Power spectrum of the 15 pf microtubule of
Figure 5a; J3 is further off the equator than J12. (e) Power spectrum of
the 15 pf microtubule of Figure 5c; J4 is closer to the equator than J11.
The orders n of the Bessel terms in the power spectra of the
microtubule images have been assigned after comparison of the
experimental pf skew angles (Table 3) and the theoretical values
predicted by the lattice accommodation model (Table 1).
(a) (b) (c)
with thin sections of whole cells, but no method has been
available for lengthwise views of microtubules suitable for
three-dimensional (3D) reconstructions. In this paper, we
introduce two methods for determining microtubule pf
handedness and polarity on cryo-EM images of vitrified
microtubules.
The fringe patterns observed in cryo-EM images of vitri-
fied microtubules are produced by the superposition of pfs
from the front and back of the microtubule wall in projec-
tion [14]. They are characterized on prints by dark fringes
which represent high protein density. When the pfs are
skewed with respect to the microtubule wall, the pf super-
position generates a moiré pattern whose periodicity is
directly related to the pf skew angle [11–13]. In addition,
this moiré pattern shows directionality [15]. We have used
centrosome nucleated microtubules to relate this direc-
tionality to microtubule polarity. The arrowhead moiré
pattern points towards the plus end of microtubules with
right-handed pf helices, and towards the minus end of
microtubules with left-handed pf helices. The origin of
the arrowhead pattern is related to an asymmetry of the
mass distribution of the tubulin molecule in the micro-
tubule wall. This effect is observed at low resolution in
cryo-EM images (~3nm) and in their filtered images. This
information is of fundamental importance for further
studies on microtubule structure and polarity because it
does not rely on small details in the tubulin structure, but
on a strong, robust feature. Hence, this method will be
invaluable to assess the polarity of the maps obtained by
3D reconstruction of microtubule assemblies.
Because the directionality of the arrowhead moiré pattern
depends on pf handedness, this must be known unam-
biguously to determine microtubule polarity from the
pattern. Tilting experiments and diffraction pattern
analysis of the microtubule images can both give this
information. Tilting experiments are useful for rapidly
characterizing the majority of the microtubules with
skewed pfs observed in a field of view. They can be used,
for example, to compare the structures of the plus and
minus ends of growing or shrinking microtubules. Micro-
tubules which lie nearly perpendicular to the tilt axis
cannot be analyzed using this method as the tilt causes
little rotation around the microtubule axis. Analysis of dif-
fraction patterns is more difficult for large populations
because it requires performing optical diffraction on each
microtubule segment or digitizing each of the micro-
tubules and calculating their power spectra. However, this
analysis is a prerequisite for 3D reconstruction. Either the
tilting or diffraction pattern analysis approach allow an
estimate of the monomer helix-start number by compar-
ing the values of the experimental pf skew angles with
the theoretical values given by the lattice accommodation
model (Table 3), and hence an indexing of the layer lines
in the power spectra of the microtubule images. The two
methods give consistent results for the protofilament
handedness confirming that the basic three-start helices
are left-handed [10].
Neither method yields the polarity of microtubules with
pfs parallel to the microtubule axis. This is the case for
most of the microtubules with 13 pfs and three-start
monomer helices (13_3), although some skew can occa-
sionally be observed in these microtubules. This can be
overcome when 13_3 microtubules are linked to micro-
tubule segments with other pf numbers, which is fre-
quently the case for self-assembled microtubules [18,19],
and is also common in cell extracts [19]. In addition, under
conditions allowing the a and b monomers to be distin-
guished, 13_3 microtubules arranged according to a B
lattice [20] are not truly helical and cannot be used for
helical reconstructions. This applies especially to micro-
tubules decorated with motor proteins. The microtubule
types that can be used (e.g. 10_2 [6] or 16_4 [4]) have
skewed pfs. Consequently the methods described here are
of considerable interest for structural work on motor pro-
teins [21], and should help to solve the ambiguities con-
cerning the polarity of the 3D maps of microtubule–
motors published recently [4–8]. Our results allow the use
of the arrowhead pattern to define the polarity of any
undecorated microtubule whose skew is known. For
example, Kikkawa et al. [6] present data from a 10_2
microtubule which shows the arrowhead pattern pointing
up and should therefore have left-handed pfs [11]. Hence,
this microtubule should be oriented with its plus end
pointing down. Microtubules decorated with motor pro-
teins also show arrowhead moiré patterns [6,22]. However,
the rules that we derived from the present study on micro-
tubule assembly with pure tubulin cannot be used directly
to determine the polarity of microtubule–motor com-
plexes, based on the direction of their arrowhead moiré
pattern. The motor protein bound to the tubulin subunit
could induce an inversion of the arrowhead moiré pattern
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Table 4
Positions of the first maxima of the Jn terms along the
meridian in the power spectra of the microtubule images.
Microtubule 13 pfs 12 pfs 14 pfs 15 pfs 15 pfs
(Fig. 4) (Fig. 4) (Fig. 4) (Fig. 5a) (Fig. 5c)
JN (tu) 0 3 2 5 6
Distance (nm) – 341.3 512 204.8 170.7
JS (tu) 256.0 255.6 257.0 257.0 253.8
Distance (nm) 4.00 4.01 3.98 3.98 4.04
JN–S (tu) 256.0 259.0 255.0 252.0 260.0
Distance (nm) 4.00 3.95 4.02 4.06 3.94
The positions along the meridian of the first maxima of the Bessel
functions of order n (Jn) have been measured on the power spectra
of the microtubule images (Fig. 7). The positions are given in
transform units (tu) of the 1024 square transform and the equivalent
distances (in nm). N is the protofilament number and S the monomer
helix-start number.
compared to the undecorated microtubules. Hence, the
relationship between the directionality of the moiré pat-
terns and microtubule polarity for microtubule–motor
complexes should first be established on centrosome
nucleated microtubules, in the same way as in the present
study with pure tubulin.
Biological implications
Microtubule polarity is the basis of many of their cellular
functions. The lack of a direct method of determining the
polarity of microtubules used in structural analyses has
introduced unfortunate ambiguity in previous work on
this important element of the cytoskeleton [7,8]. We have
defined the relationship between microtubule polarity
and the moiré patterns seen in cryo-electron micrographs
of individual microtubules with skewed protofilaments
(pfs). Our assignment is based upon the use of centro-
some grown microtubules to establish their polarity, and
on both tilting experiments and diffraction pattern analy-
sis to define the relationship between pf handedness and
the direction of the arrowhead moiré pattern. Our
method can be directly applied to undecorated micro-
tubules observed by cryo-electron microscopy, and can
be used, for example, to compare the structure of the plus
and minus ends of microtubules which display distinct
dynamical behaviour. The method can be adapted to
determine the polarity of individual microtubules deco-
rated with motor proteins. The general approach used in
this study, which was based on centrosomes to define
microtubule polarity unambiguously, can be applied to
any microtubule assembly system.
Materials and methods
Tubulin and centrosome purification, and microtubule
assembly
Tubulin purification has been described previously [23]. Briefly, tubulin
was purified from calf brain by two cycles of assembly and disassembly
in the presence of glycerol. This process was followed by phosphocellu-
lose chromatography and tubulin was obtained in 50mM Pipes, 1mM
EGTA, 0.2mM MgCl2, 1mM GTP, pH6.8 with KOH. The tubulin solu-
tion was adjusted to 80mM Pipes, 1mM EGTA, 1mM MgCl2, pH6.9
and 1mM GTP before assembly. Centrosomes were isolated from KE-
37 human lymphoid cells by a slight modification of the protocol
described by Bornens et al. [24]. The detailed protocol will be reported
elsewhere. Tubulin concentration was adjusted between 6.5µM and
19.5µM for nucleated-assembly on centrosomes [16], and to 44µM for
self-assembly. The samples were incubated at 37°C directly on the elec-
tron microscopy (EM) grid for short assembly times (less than 5 min), or
in a thermostated water bath for longer assembly times. Specimens
were prepared for cryo-EM as described previously [16].
Cryo-electron microscopy
Specimens were observed with a Philips 400 electron microscope
(Philips Electronics Instruments, Eindhoven, Netherlands) operating at
80 kV. Images were taken at an actual magnification of 20 000 × and in
the range 1–3 µm underfocus in low electron dose conditions. Two or
three images of the same area were taken with different tilt angles. The
goniometer was always turned to yield left-handed rotations and the
images differed by either 3° or 5° in tilt. The tilt axis direction was deter-
mined by using a 200 mesh grid marked with letters whose square
rows were aligned parallel to the specimen holder rod. The alignment
of the square rows with the tilt axis was assessed by tilting the speci-
men holder and checking that the defocus remained constant along the
edges of the grid squares. The tilt axis position was measured on
images of the edges of the squares taken at different magnifications.
Possible inversion of the image was assessed by observing the sense
of the grid letters.
Tilting experiment analysis
The analysis of the tilting experiments requires careful control of the sign
of the rotations in order to interpret the images reliably in terms of pf
skew. We use a consistent left-handed convention for rotations to
describe this. Hence, a tilt axis has the direction corresponding to the
left-handed rotation around the axis. To be explicit, rotation of the
goniometer in a left-handed (counter-clockwise) fashion as viewed from
the goniometer is denoted by a vector from the goniometer to the speci-
men. Similarly, left-handed pfs refer to pfs which are arranged into helices
with a left-handed rotation sense. 12_3 microtubules are right-handed
and 14_3 microtubules are left-handed.
The shift of the moiré fringe pattern reflects the rotation of the micro-
tubule about its longitudinal axis. The theoretical shift of the fringe pattern
s (nm) depends on its repeat period L (nm), on the pf number N and on
the effective tilt ∆e (°) of the microtubule around its longitudinal axis:
s = (∆eNL)/360 (1)
The direction of the shift will depend on the sign of the tilt angle and on
the sign of the pf skew angle θ (see below). The effective tilt angle ∆e
applied to the microtubule along its longitudinal axis will vary with the
orientation of the microtubule with respect to the tilt axis. For a rotation
of the goniometer ∆g, the effective tilt angle ∆e is given by:
∆e = tan–1(tan∆gcosf) (2)
where f is the angle between the microtubule and the tilt axis. In addi-
tion, the microtubule image, and hence the fringe pattern period L, will
be shortened to:
L′ = L √(cos2f + sin2fcos2∆g) (3)
where L′ is the new period of the fringe pattern after tilting. This effect
can be neglected for small tilt angles. The following formula, taken from
(1) and (2), can be used to predict the theoretical shift of the fringe
pattern from the value of L measured on micrographs, or predicted by the
lattice accommodation model:
s = – (tan–1(tan∆gcosf)NL)/360 (4)
where L would need to be replaced by L′ from (3) for large tilt angles.
The pf skew angle θ is directly related to the moiré period L by:
θ = sin–1(dx/L) (5)
where dx is the separation between pfs determined from the change in
microtubule width versus pf number (dx=5.15nm, [11]). The theoretical
value of the pf skew angle θ for a microtubule with N pfs and S monomer
helix-starts can be calculated according to Chrétien and Wade [11]:
θ = tan–1((r/dx0) – (Sa/Ndx)) (6)
where a is the separation between tubulin monomers along pfs
(a = 4.0 nm) and r is the rise along the S-start monomer helices
(r = S0a0/N0, with S0= 3, a0= 4.0 nm and N0= 13). In this formula, dx, a,
and r can vary to incorporate possible changes in the tubulin shape
(a,dx) [25], or in its relationship with neighbouring molecules on adja-
cent pfs (r), while dx0 is fixed to 5.15 nm.
We have used the following conventions for the signs of the angles.
The pf skew angle θ is positive for a left-handed pf skew, and the tilt
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angle ∆g is positive for left-handed rotations of the goniometer. The
sign of the angle f between the tilt axis and the microtubule axis has
no importance as (4) uses the cosine (the maximum value of f is 90°
when the tilt and microtubule axis are perpendicular). The minus sign in
equation (4) indicates that the fringe pattern will move opposite to the
direction of the tilt axis (negative shift, s< 0 from equation 4) for micro-
tubules with left-handed pfs (θ> 0), and in the same direction as the tilt
axis (positive shift, s> 0) for microtubules with right-handed pfs (θ< 0).
The magnitude of the shift must be such that the fringes move by less
than half a moiré period. For most microtubules, the moiré period is
between 200–600 nm [11]. It follows that the tilt angle should be less
than ~10°. In our experiments, we have chosen tilt angles of 3° or 5° to
give a fringe pattern shift in the order of ± 60 to ± 90 nm for micro-
tubules with from 11–16 pfs. We also chose to perform systematically
left-handed tilts in order to simplify the analysis. Such a rotation pro-
duces a tilt vector from the goniometer to the specimen. For a 14_3
microtubule (θ= +0.73°, L = 402 nm from equations 5 and 6), a tilt of
5°, assuming that the microtubule is parallel to the tilt axis (f= 0),
should correspond to a shift of –78 nm at the specimen (i.e. –1.6 mm
on the micrograph at 20 000 × magnification). A difference of this order
is easily observable on a pair of tilted images, especially after photo-
graphic enlargement. According to equation (4), the shift will decrease
for larger angles f between the microtubule and the tilt axis, and micro-
tubules which were oriented nearly perpendicular to the tilt axis could
not be analyzed using this method.
Diffraction pattern analysis and image filtering
Analysis of the diffraction patterns of the microtubule images was per-
formed after digitization of the images at a step size of 20µm using a
Perkin-Elmer 1010 GM microdensitometer (Pomona, California). This
corresponds to a resolution of ~1nm at the specimen for microtubule
images taken at a magnification of ~20 000 ×. Microtubule images were
analyzed using the image analysis software Semper 6 Plus (Synoptics
Limited). The images were corrected for contrast variations, straight-
ened and transferred into 1024× 1024 boxes. Their power spectra
were calculated and the positions of the major peaks were measured.
The magnification of each negative was calibrated internally using the
position of the first layer line (¼nm) in the power spectrum of a 13_3 pf
microtubule present in the image. Filtered images were generated
using the J0 and JN terms in the Fourier transform of the images.
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